Candida albicans is the lead fungal pathogen of nosocomial bloodstream infections worldwide and has mortality rates of 43%. Nanoparticles have been identified as a means to improve medical outcomes for Candida infections, enabling sample concentration, serving as contrast agents for in vivo imaging, and delivering therapeutics. However, little is known about how nanoparticles interact with the fungal cell wall. In this report we used laser scanning confocal microscopy to examine the interaction of fluorescent polystyrene nanoparticles of specific surface chemistry and diameter with C. albicans and mutant strains deficient in various C. albicans surface proteins. Carboxylate-functionalized nanoparticles adsorbed mainly to the hyphae of wild-type C. albicans. The dissociative binding constant of the nanoparticles was ~150, ~30 and ~2.5 pM for 40, 100 nm and 200 nm diameter particles, respectively. A significant reduction in particle binding was observed with a Δals3 strain compared to wild-type strains, identifying the Als3 adhesin as the main mediator of this nanoparticle adhesion. In the absence of Als3, nanoparticles bound to germ tubes and yeast cells in a pattern resembling the localization of Als1, indicating Als1 also plays a role. Nanoparticle surface charge was shown to influence binding -positively charged aminefunctionalized nanoparticles failed to bind to the hyphal cell wall. Binding of carboxylate-functionalized nanoparticles was observed in the presence of serum, though interactions were reduced. These observations show that Als3 and Als1 are important targets for nanoparticle-mediated diagnostics and therapeutics, and provide direction for optimal diameter and surface characteristics of nanoparticles that bind to the fungal cell wall.
Introduction
Candidiasis is considered the most critical life-threatening fungal infection for hospital patients worldwide and the fourth most common health-care associated bloodstream infection. 1, 2 Despite its association with increased healthcare costs and fatalities, incident rates and associated mortality have not improved in the last two decades. 1, 2 Candida albicans is the most common fungal cause of nosocomial bloodstream infections in most countries, causing approximately 50% of all cases of candidiasis and having overall mortality rates of 43%. 2, 3 This commensal organism is found in oral, digestive and reproductive cavities of the human body, but can cause systemic infections under certain conditions, especially in immunocompromised patients. 4 Pathogenic yeast can adhere to surfaces like tissue and medical devices, and form biofilms, complex yeast communities that are often resistant to antimicrobials and are a source of persistent infections. 4 Rapid and inexpensive diagnosis to avoid treatment delay and effective antifungal treatment of biofilms are two unmet needs in the treatment of fungal bloodstream infections. The first, rapid and inexpensive diagnosis of fungal bloodstream infections, is crucial to prevention of fatalities. Many patients displaying signs of infection are mistakenly placed on antibiotics, and thus there is a need to specifically distinguish between bacterial and fungal infections. 1 The main method of diagnosis is a blood culture, which can take 1-7 days for positive results and has specificity of only 50%. 2 Other developing nonculture methods include real time polymerase chain reaction (PCR), matrix-assisted laser desorption/ionization time-of-flight mass spectrometry, and nanoparticle capture of molecular targets in blood samples combined with T2 magnetic resonance, all of which require significant sample preparation and/or expensive lab equipment. [5] [6] [7] Thus, they have not yet been widely adopted. Additionally, these all occur in vitro: an in vivo diagnostic could provide more information about location and stage of infection, as well as be combined with a therapeutic. The second unmet need, treatment of biofilms, poses a unique challenge -biofilm attachment is associated with pathogenicity and increased antimicrobial resistance, and they can form rapidly in 48 hours. 4, 8 C. albicans biofilms in particular have been shown to be display resistance mechanisms such as the presence of persister cells. 8 Novel therapeutics against pathogenic yeast and fungal biofilms are urgently needed.
Nanoparticles have emerged as powerful new enablers for therapeutic and diagnostic agents. Nanoparticles can be functionalized with ligands to promote targeting of cells and tissues, and drugs can be adsorbed or conjugated onto the surface or encapsulated within the interior of nanoparticles for specific delivery. This allows controlled and localized release of a drug, and has shown promise in targeting bacterial infections with antibiotics. Superparamagnetic nanoparticles also have the potential to provide an economical, faster sample preparation for the capture of C. albicans for PCR 5 or magnetic resonance assays 7 , and serve as contrast agents for in vivo imaging for detection and localization of fungal infections. 9 Despite the potential for nanoparticles in diagnosis and treatment of fungal bloodstream infections, limited information is available to guide the design, particularly in relation to physiochemical properties of nanoparticles such as surface charge and size. Surface charge governs electrostatic interactions between the cell wall and nanoparticle. Both size and surface charge influence whether a particle adsorbs or is taken up by a cell. 10 Additionally, the formation of a protein layer surrounding the exterior of the nanoparticle can influence interactions in vivo. 11 Characterization of these interactions based on physiochemical properties will facilitate the effective design of nanoparticles for targeting C. albicans.
Bacterial cell wall interactions with nanoparticles of different shape, diameter and surface charge have been studied previously, and it has been found that these nanoparticle characteristics affect interaction and toxicity. [12] [13] [14] For example, positively charged gold nanoparticles show high levels of toxicity against Escherichia coli whereas anionic gold nanoparticles are nontoxic, due to the negatively charged lipid membrane of E. coli. 15 These results suggest that nanoparticle properties influence interactions with pathogens, but yeast specific studies are still needed. Though bacteria and yeast share some common pathogenic traits, such as biofilm formation, they present distinct properties. Yeast cells are larger than bacterial cells and have different cell wall compositions. 16, 17 Additionally, yeast infections pose particularly unique challenges, as certain species, including C. albicans, create more uniform and cohesive biofilms with the formation of filaments, or hyphae, than bacterial biofilms. 18 Nanoparticles can tackle the more complex fungal biofilm. Silver nanoparticles have been shown to damage C. albicans cell wall. 19 Magnetic nanoparticles bound to antifungals in particular have shown promise in inhibiting biofilm growth. 20, 21 However, basic studies on yeast cell wall interactions with nanoparticles of varying physiochemical properties must be performed to guide future research.
C. albicans exists in several growth states, including yeast, pseudohyphae and hyphae. 22 Switching from yeast to hyphal growth is associated with virulence. 16 Yeast cells attach to a surface and form a biofilm, a complex community of predominantly hyphal cells with a thick extracellular polymeric matrix. 16, 18 In each state, the C. albicans cell wall displays different surface proteins 23 , which alter their surface chemistry, including cell surface hydrophobicity 24 and surface charge. This has the potential to allow us to detect and treat C. albicans at its various stages of development, as free-living cells and in biofilms. Here, we studied the interaction of nanoparticles with C. albicans yeast and hyphae. We identified hyphal surface proteins required for adhesion to carboxylate-functionalized nanoparticles and we characterized the physiochemical properties of nanoparticles that affect nanoparticle adhesion.
Experimental

Polystyrene nanoparticles
Polystyrene nanoparticles were obtained from Thermo-Fisher Invitrogen, Molecular Probes. We used red fluorescent (580/605 nm) FluoSpheres Carboxylate-Modified Microspheres with diameters of 40 nm, 100 nm and 200 nm and red fluorescent (580/605 nm) FluoSpheres Amine-Modified Microspheres with diameter of 200nm. Particles were diluted in Dulbecco A phosphate buffered saline (Thermo Fisher Scientific, Oxoid Microbiology; sodium chloride 8g/L, potassium chloride 0.2 g/L, disodium hydrogen phosphate 1.15 g/L, potassium dihydrogen phosphate 0.2 g.L, pH 7.3), vortexed for 30 seconds and sonicated for at least 1 minute after dilution to minimise aggregation.
Characterization of Nanoparticles
Dynamic light scattering and electrophoretic light scattering (Malvern Instruments Zetasizer Nano Series) were used to characterize the particle diameter, dispersity and zeta potential. Samples were diluted to 100 μg/mL in distilled water, Dulbecco A phosphate buffered saline (PBS) or fetal bovine serum (FBS, Sigma Aldrich Life Science) in PBS. Table  1   Table 1 . DLS Characterization of polystyrene nanoparticles used in this study in various medium 1 Each zeta potential (ZP) is an average of three independent measurements, each three measurements of 20 runs each. 2 Each hydrodynamic diameter (HD) is an average of three independent measurements, each three measurements of 11 runs each. 3 Each polydispersity index (PDI) is an average of three independent measurements, each three measurements of 11 runs each.
summarized the nanoparticle properties as a function of particle physical properties and aqueous media. Carboxylate nanoparticle stability was also evaluated during a pH titration; results can be found in Supplementary Information Table S1 . Hydrodynamic diameter and zeta potential were found to be in agreement with previously reported literature 25, 26 Figure S1 ). Polydispersity index (PDI) indicated reasonably monodispersed homogenous particle distribution in distilled water and PBS, though higher PDI values for carboxylate nanoparticles in FBS and amine particles in water and PBS indicate particle interaction takes place.
C. albicans strains and media
All C. albicans strains were obtained from Professor Lois Hoyer and Aaron Mitchell and are listed in Table 2 . Details of construction can be found in references. All isolates were stored at -80°C in yeast-peptone-dextrose medium (ForMedium, 2% Bacto peptone, 2% glucose, 1% yeast extract) supplemented with 15% of glycerol (Sigma Life Science, ≥99%). Colonies were formed by streaking onto yeast-peptone-dextrose (YPD) agar plates (YPD + 1.5% agar). Yeast form was obtained after growth in YPD medium. Germ tube growth was performed in 1.04% RPMI 1640 (RPMI 1640 with L-glutamine from Sigma Life Science) in 3.75% MOPS (4-Morpholinepropanesulfonic acid from Sigma Life Science ≥99.5%). Hyphal growth was performed in Spider medium (1% nutrient broth from Fluka Analytical Sigma Aldrich, 1% mannitol from Sigma Aldrich >98%, 0.2% potassium phosphate from Fluka Chemie Sigma Aldrich >99%).
C. albicans culture conditions
Strains were streaked onto YPD agar plates and grown at 30°C for 36-48 h. Plates were stored at 4°C for up to 2 weeks and then streaked again. A single colony was used to inoculate an overnight (ON) culture in 5 mL of YPD medium. The culture was placed on a shaker at 200 rpm at 37°C and grown for 16 h. One mL from the ON culture was washed twice in PBS. Cultures were diluted to an optical density of 1 at 600 nm (A600) in PBS, which equates to approximately 20 x 10 6 cells/mL. Cells were spun down at 17000 rcf for 1 min and suspended in the appropriate medium to induce germ tube and hyphal development.
Germ tube and hyphal development
Experimental conditions for germ tube growth match those followed by Hoyer et al (2014) 27 . 4 x 10 6 cells were suspended in 200 µL pre-warmed RPMI 1640, pH 7 for final A600 of 1 and incubated at 37°C for 90 min in a stationary 1.5 mL microfuge tube. After incubation, cells were spun down at 17000 RCF for 3 min, washed once in PBS and then suspended in PBS at the same concentration. 5 μL of 0.2 mM Calcofluor White (CFW, 0.2 mM Fluorescent Brightener 28, Sigma Life Science) was added to stain the chitin in the yeast cell wall. 20μL of polystyrene nanoparticles diluted in PBS were added at this point, for a final nanoparticle concentration of 20μg/mL (or as otherwise indicated). Samples were vortexed for 30s and placed on a rotator at 4°C overnight. Germ tubes were examined for morphology and length to distinguish from pseudohyphae based on guidelines outlined by Sudbery et al (2004) 22 and Zhao et al (2004) 28 and had to match the following criteria: 1. Germ tube length equivalent or longer than the diameter of the mother yeast cell 2. Completely parallel cell walls 3. No visible constriction in cell wall at neck or septum 4. No septum at mother-bud neck as visible with CFW staining Hyphae were induced by incubating 4 x 10 6 cells in 200 μL for final A600 of 1 at 37°C for 3 or 6 hours in Spider media at pH 7.2 in a stationary 1.5 mL microfuge tube. 5 μL of 0.2 mM CFW Table 2 . C. albicans strains: Relevant information about the strains used in this study. All the mutant strains used were derived from the wild-type strain SC5314. Details of strain construction can be found in references. Analysis of growth rates of strains can be found in Supplementary Information Table S2. was added for 10 min. After incubation, cells were spun down at 17000 RCF for 3 min, washed once in PBS and then suspended in 200 μL PBS. FBS was added where indicated. 5 μL of polystyrene nanoparticles diluted in PBS at the appropriate concentration were added to the sample. Samples were vortexed for 30s and placed on a rotator at 4°C overnight. Epifluorescence microscope images were taken with an Olympus IX73 using a 100x/1.30NA UPlanFL oil immersion objective with Hamamatsu ORCA-Flash 4.0 camera using CellSens Dimension 1.9 software. Confocal microscope images were taken on Olympus Fluoview FV1000 using a 60x/1.35NA UPlanSApo oil immersion objective. CFW staining and red fluorescent nanoparticles were imaged using 405 nm and 559nm laser line, respectively and sequential imaging was used. Exposure, power, zoom, offset, and gain were all fixed within an experimental data set. For all but z-stacks, sampling speed was 10 μs/pixel and a line Kalman filter of 4 was applied. For confocal stacks, sampling speed was 12.5 μs/pixel and a line Kalman filter of 3 was applied.
Microscopy
Image Analysis
Images were compiled and analyzed in ImageJ (National Institutes of Health). Integrated density measurements of nanoparticle fluorescence intensity were taken along hyphae using a one micron square parallel to the hyphal wall. For each image, five background measurements were taken and the average subtracted from the intensity value. For 200 nm nanoparticles, the fluorescent intensity of 10 monomers was measured and averaged. The standard deviation of intensity of a monomer was found to be less than 10% of the total intensity. The total intensity along the hyphae was divided by the average intensity of the 200 nm nanoparticle. Z-stacks were analyzed with deconvolution software and cross-sections were displayed in Imaris.
Statistical analysis
All P-values given are Welch unpaired two-sided t-tests of unequal variances, unless stated as a one-sided t-test or a oneway ANOVA. Statistics were evaluated using RStudio 0.99.491, with R 3.2.3.
Results and Discussion
In this study we characterized nanoparticle interaction with C. albicans with high resolution epifluorescence and confocal microscopy. This allowed us to identify the location of nanoparticle attachment at various growth phases of C. albicans. These results demonstrate that that nanoparticle surface charge and diameter, as well as the presence of serum, affected nanoparticle adhesion with C. albicans. Using strains deficient in the production of certain surface proteins, we identified the proteins mediating carboxylate nanoparticle adhesion.
Nanoparticle attachment to wild-type yeast Figure 1A presents a schematic of C. albicans morphology at various growth phases, key to understanding nanoparticle attachment to C. albicans. For hyphae to develop, short germ tubes (2 microns in width) bud from yeast cells (rounded cells approximately 5-10 microns in diameter) and develop into longer, filamentous hyphae with septum. Pseudohyphae (greater than 2.8 micron in width) also form from yeast and are a distinct state from hyphae, despite their elongated appearance. Virulence and biofilm formation is associated with hyphal growth 16, 18 which is induced under physiological conditions such as growth at 37°C, pH 7 and in the presence of serum. 16 Many other conditions are known to induce hyphal development including growth in Spider media, RPMI 1640 and Lee's medium. 16, 22 We chose a wild-type strain of C. albicans, SC5314 29 for initial studies of nanoparticle behaviour, and Spider media and RPMI 1640 were used to induce hyphal growth.
In both Spider media and RPMI 1640, germ tubes were formed at 1.5 hours, hyphae ranging 10-50 microns in length were formed after 3 hours and longer hyphae and hyphal aggregates were observed at 6 hours. After 6 hours of culture at a seeding density of 19-23 x 10 6 yeast cells, we consistently obtained a heterogeneous population of yeast, pseudohyphae and hyphae ( Figure 1 ).
Figures 1B-D show epifluorescence images of carboxyl functionalized polystyrene nanoparticle (red regions) adsorbed on C. albicans. The chitin in the C. albicans cell wall is stained with calcofluor white (CFW) and appear blue in the images. The nanoparticles in this study are uniform in diameter and surface charge ( Table 1 , Supplementary Information Figure S1 ), and have been used previously with mammalian cells, bacterial cells and Saccharomyces cerevisiae 11, 35, 36 . We observed that the negatively charged nanoparticles bind predominantly to the hyphae of C. albicans, regardless of particle diameter. Nanoparticle fluorescence appeared along the entire length of the hyphae ( Figure 1B-D) . The resolution of these epifluorescent ARTICLE images did not allow us to determine if nanoparticles were bound to the exterior of the hyphae, or uptaken within the cell, as has been shown with carboxylate nanoparticles in mammalian cells. 35 We therefore used confocal laser scanning microscope images and cross-sectional reconstructions of the carboxyl functionalized nanoparticle adsorbed on the CFW stained cell wall of C. albicans SC5314 (Figure 2 ). Because the red fluorescence intensity is proportional to number of beads, these high resolution images allow us to conclude that that the nanoparticles are located exclusively on the exterior of the hyphae and are not taken up by the cell. Both the 40 (Figure 2A ) and 200 nm ( Figure 2B ) nanoparticles were characterized. 
Nanoparticle adsorption to C. albicans mutants
Our observation that nanoparticles bind to the hyphae only implies that they interact with hyphal specific proteins. Potential candidates include members of the Als (Agglutinin-like sequence) family, a well-characterized set of proteins crucial for adhesion and aggregation of C. albicans to abiotic surfaces and host tissue 28, [37] [38] [39] to yeast species such as Candida glabrata 40 and to bacteria including oral streptococci and Staphylococcus aureus. 27, [41] [42] [43] Deletion of ALS3 in particular has been shown to result in the greatest reduction in the adhesive properties of C. albicans in these interactions. 28, 37, 43 The Als3 protein is present on hyphae and not on yeast cells, and is required for maturebiofilm formation, binding extracellular matrix, adhesion to host cells, and internalization of C. albicans by endothelial cells (reviewed by Hoyer et al, 2016 ). Als1 has also been shown to function in adhesion to endothelial cells 28 and C. glabrata. 40 In addition to Als proteins, Hwp1, a hyphal specific protein, has been implicated in adhesion to human epithelial cells, and is essential for biofilm formation in vivo. 44, 45 We therefore investigated the roles of four Als proteins (Als1, Als2, Als3, Als4) and of Hwp1. Figure 3A shows confocal micrographs of 200 nm carboxylate nanoparticles binding to strains that are deficient in either Als or Hwp proteins (Materials and Methods, Table 2 ). All strains formed germ tubes and hyphae as previously reported. 28, 32, 34 Adherence of nanoparticles was observed using both epifluorescence (not shown) and confocal microscopy as shown in Figure 3A . Deleting ALS1, ALS2, ALS4, or HWP1 had no effect on adherence of the nanoparticles, which showed the same pattern of binding as the two wild-type strains (SC5314 and CAI12). However, in the strain in which ALS3 was deleted, the nanoparticles no longer bound to the hyphae that are generated ( Figure 3A ). We observed reduced nanoparticle binding along the entire length of the hyphae. We also observed some localized binding around the mother cell, at the junction of mother cell and the hyphae, and on some yeast cells ( Figure  3A, Δals3, arrows) .
To characterize the levels of nanoparticle binding in the mutant C. albicans strains, fluorescent intensity was measured at 10 random locations on the hyphae. The intensity was converted to the number of nanoparticles per micron of hyphae by normalising with the intensity of a single particle ( Figure 3B ). No statistically significant difference was observed between SC5314, Δals1, Δals2, Δals4, Δhwp1, CAI4-URA3 and CAI12 control strains (P > 0.1, one-way ANOVA). However, a highly significant reduction in binding was observed between Δals3 and both CAI12 and SC5314 (P<0.0005). These results are consistent with a model in which Als3 plays the primary role in the adhesion to negatively-charged nanoparticles, with little to no contributing effects from Als1, Als2, Als4 or Hwp1. 
Regional nanoparticle adherence
Based on previous studies of the localization of Als proteins 46, 47 we examined a population of germ tubes (RPMI 1640, pH 7 for 90 mins) and categorized them based on binding patterns. Figure 4A presents representative images of each category. Because we observed localization of nanoparticle binding around the neck in the Δals3 strain ( Figure 3A, Δals3) , we also categorized localization in a Δals1 deletion, because Als1 is known to be displayed on the neck of the germ tube. 46 As shown in Figure 4B , each category is distinct, i.e., separation of categorical means was significant within each strain (P<0.005, one-way ANOVA). There is no significant difference in the categories between the control strains (SC5314 and CAI12) and
Δals1 deletion strain (P>0.05). The deletion of ALS3 greatly increased the percentage of cells with beads localized at the bud neck (Category 4, P<0.005, one-sided t-test) and with no bound beads (Category 7, P<0.02, one-sided t-test), and significantly reduced the percentage of cells with binding over the entire germ tube (Category 1, P<0.005, one-sided t-test). Only 4% of germ tubes in the Δals3 strains showed complete coverage by nanoparticles, compared to 50-55% observed in the other three strains. Figure 4C presents the analysis of 100-150 yeast phase cells (RPMI 1640, pH 7 for 90 mins) that were categorized based on the amount of exterior surface area covered in nanoparticles. Cells were assigned to three categories: > 50% coverage (Yes), 1-50% coverage (Some) or <1% coverage (No). Only single yeast cells, with no daughter cells, aggregates or developing germ tubes, were counted. There is no binding to the majority of yeast cells (mean < 6%) in C. albicans CAI12, SC5314 and Δals1 strains, and the differences between these three strains was insignificant in all categories (P>0.4, one-way ANOVA). However, the Δals3 strain showed significant variation in all categories (P<0.005, one-way ANOVA). There was a statistically significant increase in cells that were mostly or partially coated with beads in the Δals3 strain when compared to both SC5314 and CAI12 (P<0.03, one-sided t-test). These results support our hypothesis that the hyphal specific interaction between C. albicans and the carboxylate nanoparticles is facilitated by Als3. With no Als3 available as a binding site, the nanoparticles are more likely to bind to yeast phase cells than in the wild-type strains.
Influence of nanoparticle surface charge and diameter on adhesion
To quantify the effect of negative and positive surface charge on hyphal interactions, we measured the adsorption of 200 nm carboxylate and amine nanoparticles of opposite charge at varying concentrations to C. albicans SC5314 hyphae grown in Spider medium for 6 hours. We observed that the amine nanoparticles did not bind to the surface of the hyphae in the same manner as carboxylate nanoparticles (Figure 5A,B) . Figure   5C presents the binding profiles confirming little to no binding of the positively charged nanoparticles. The adsorption of 200 nm amine nanoparticles compared to 200 nm carboxylate nanoparticles was reduced at all concentrations (P<0.05). The maximum number of nanoparticles per micron of hyphae, which occurs at 7.6 pM, was 14.2 ± 0.9 for the carboxylate nanoparticles and 0.7 ± 0.3 for the amine nanoparticles, illustrating that amine nanoparticles bound to the surface of the hyphae was significantly lower (P=0.000006) even under high concentration. It is important to note that in the medium studied (PBS), the zeta potential of amine particles is 11mV, while the carboxylate nanoparticles have a zeta potential of -33mV (Table 1) . Thus, the charges are opposing but not equal in magnitude. The interaction between nanoparticles and the C. albicans surface is therefore highly dependent on the high negative charge surface of the nanoparticle. Additionally, because the amine nanoparticles displayed some interaction and aggregation in PBS (Table 1) , extracting further quantitative information comparing the binding affinity of the nanoparticles would be unreasonable.
We examined three diameters of nanoparticles to compare size-dependent binding affinity for the hyphal cell wall. Using confocal microscopy images, the adsorption of 40 nm, 100 nm, and 200 nm nanoparticles on C. albicans SC5314 hyphae after 3 hours of growth in Spider medium was quantified at increasing nanoparticle concentrations, until a saturated surface was reached. As shown in the adsorption profiles in Figure 5D , the carboxylate nanoparticle binding increased with concentration until saturation. Concentrations were chosen to be within the dynamic range of fluorescent intensity measurements while achieving saturation of the hyphal cell wall for downstream analysis of binding affinity. The nanoparticles and hyphae were maintained in a state of equilibrium during these measurements. For comparison among the nanoparticles of different diameters, which have different fluorescent properties, saturation was observed as the maximum mean fluorescent intensity (Fmax) measured along a micron of hyphae for each nanoparticle diameter and all measurements of that diameter were divided by this intensity. The results show that larger nanoparticles have higher molar binding affinities.
For medical applications of detection and treatment, nanoparticle binding must take place in blood in vivo or in an isolated blood sample, which contain serum proteins. We therefore characterized the binding of carboxylate nanoparticles in PBS to hyphae grown in Spider medium for 3 hours with the addition of fetal bovine serum (FBS). Adding FBS decreases the binding of both 40 nm and 200 nm carboxylate nanoparticles to the surface of the hyphal cell wall (Supplementary Information Figure S2 ). As shown in Figure 5E , binding of 40 nm carboxylate nanoparticles is reduced at FBS concentrations ranging from 5 to 20% (P<0.001). A side effect of serum addition is aggregation -nanoparticle interaction occurs (Table 1) and larger yeast and hyphal aggregates form in PBS with increasing serum addition (data not shown).
Nanoparticle surface charge and diameter influence nanoparticle adhesion
We have observed that highly charged carboxyl-functionalized nanoparticles have a strong propensity to adsorb on C. albicans hyphae, unlike amine-functionalized nanoparticles in the same medium ( Figure 5C ), and the diameter of nanoparticles closely linked to the particle concentration at which the hyphae are saturated ( Figure 5D ). Langmuir was the first describe the reversible chemical binding of a reactant to equivalent binding sites on a uniform monolayer surface. 48 The advantage of Langmuir's theoretical framework is that it allows us to understand the adsorption behaviour using a simple model and estimate the binding energy of adsorption. The nanoparticle isotherms in this study illustrated Langmuir-like behaviour, in that the nanoparticles increase in binding with increasing concentrations, before saturating the cell wall.
In a system at equilibrium and with excess ligand to receptor, the concentration at which the surface of the hyphae is half saturated is roughly the dissociative binding constant (KD), which an important parameter in the design of ligandreceptor systems. 49 From Figure 5D , we see that the dissociative binding constant for the 40 nm nanoparticles was ~150pM, for 100 nm nanoparticles was ~30 pM and for 200 nm nanoparticles was ~2.5 pM. These are relatively small values of KD that scale like (radius) -3/2 (linear regression, R 2 =0.99995). In comparison, it has been shown that the N-terminus of Als1 binding to BSAfucose, laminin, and fibronectin has a KD of ~21 mM, 130 mM, and 1.6 µM, respectively, values which are much higher and thus illustrate weaker binding. 50 This leads us to observe that nanoparticles formulations may be useful means to enhance drug delivery to C. albicans.
Langmuir's theory can be used to analyse the nature of the nanoparticle-cell interaction. The Gibbs free energy (ΔG) of nanoparticle adsorption can be determined from the adsorption isotherms if we assume the adsorbed nanoparticles are in equilibrium with the nanoparticles in solution. Under these conditions the free energy of adsorption is a logarithmic function of KD.
G= RTln(KD) (1) where R is the ideal gas law constant and T is temperature. At room temperature ΔG was -55 kJ/mol for the 40 nm nanoparticles, -59 kJ/mol for the 100 nm nanoparticles, and -65 kJ/mol for the 200 nm nanoparticle, placing this interaction in a range between strong physiosorption and chemisorption, thus implying an ionic interaction. The energy of adsorption is equal to the product of the work of adhesion (γ) of the beadhyphae interaction and area of contact. Work of adhesion is a function of interface material properties: the hyphal surface remains consistent under controlled experimental conditions, while the nanoparticles have the same core material, surface coating and shape.
DLS measurements (Table 1) of nanoparticles in PBS showed insignificant differences in zeta potential values of the different diameter carboxylate particles. Thus, the ΔG differences seen here are mediated not by γ but rather by changes in the contact area. As expected, the magnitude of the adsorption energy increased with particle diameter and it was observed that KD scales with the -3/2 power of the particle radius (r). The weaker dependence of adsorption energies on particle radius for our experimental results compared to a JKR model could result from the nanometer scale roughness of the surface of the hyphae or changes in the mechanical properties of its membrane.
Nanoparticles bind to Als3 protein of C. albicans
We have shown in this study that carboxylate nanoparticles of varying diameters bind preferentially to the hyphae of C. albicans. Amine nanoparticles of the same diameter did not bind to the hyphae, and the presence of serum in solution reduces nanoparticle adhesion. Using strains deficient in Als and Hwp protein production, we found that nanoparticle binding was closely linked to the presence of Als3. Als3 has been shown to be localized to the germ tube and hyphae, when grown in the same conditions used in this study. 38 When the ALS3 gene is deleted, we saw reduced localization of the nanoparticles to hyphae, and increased localization around the neck of the germ tube, which is consistent with immunolabelling of Als1 and Als4 46, 47 under the same growth conditions. This indicates that whereas Als3 is the preferential and strongest mediator of binding of nanoparticles, Als1 or Als4 may be secondary, weaker mediators of binding.
We also observed an increase in binding of nanoparticles to yeast phase cells in the Δals3 mutant. Als1 is expressed on yeast phase cells in populations placed in new growth media. 46 The increased binding of nanoparticles to yeast cells, in fresh media and in the absence of Als3 only, indicates that Als1 is a secondary binder. In the absence of Als3, carboxylate nanoparticles bind to Als1 on the neck of the germ tubes and on yeast cells.
C. albicans binds to a wide variety of ligands, and Als proteins have long been implicated in much of this adhesion. Magnetic beads of 0.7 µm in diameter coated in either BSA, fibronectin, type IV collagen, laminin and casein have been shown to bind to various C. albicans morphological forms, and to Saccharomyces cerevisiae expressing Als5. 52 As reviewed by Hoyer et al 2016, Als proteins have been shown to regulate binding to host tissue, initiate biofilm formation, and be responsible for binding to abiotic materials. Als3 in particular has been shown to be one of the strongest mediators of adhesion. 37, 43 Deletion of ALS3 has been shown to reduce binding of C. albicans by 42-63% to endothelial cells and 60% to buccal epithelial cells and deletion of ALS1 has also been shown to reduce binding to endothelial cells by 20%. 28 Our results show that the deletion of ALS3 reduced nanoparticle adhesion along the hyphae and increased localized binding to Als1, allowing us to add carboxylate nanoparticles of diameters from 40-200 nm to the growing list of ligands recognized by Als proteins. In addition, binding of the negatively-charged nanoparticles to the hyphae observed in our study was similar to the binding pattern of bacteria such as S. aureus 42 Streptococcus gordonii 41 and Pseudomonas aeruginosa 53 to C. albicans, which is interesting as bacteria have a net negative charge on the cell surface. 17 Binding of nanoparticles to C. albicans is unlikely to be caused by hydrophobic interactions. Cell surface hydrophobicity of C. albicans cell surface varies under different growth conditions 24 ,and germ tubes and hyphae are more hydrophobic. 23, 24 Als protein abundance has often been linked to cell surface hydrophobicity. However, the nanoparticles studied here are coated in a hydrophilic polymer containing carboxylic acid groups, and have a zeta potential that varies between -28 and -33 mV. This makes it unlikely that hydrophobicity is the mediator of attachment to the hyphae. This is supported by the observation that S. cerevisiae displaying fusion surface proteins with Als regions bind to a variety of abiotic surfaces, such as polypropylene, borosilicate glass and polyvinylchloride, without any correlation to cell surface hydrophobicity. 37 These observations, combined with our analysis of the ΔG of the interaction being within the range of strong physiosorption, support the conclusion that C. albicans binding to abiotic nanoparticles is governed instead by ionic interactions mediated by Als proteins.
Als proteins have four domains: the N-terminal (NT) domain, the T-domain, a series of tandem repeats and the C-terminal domain. 54 The NT-domain is responsible for adhesion. Resolving the Als3 structure revealed that the NT-region of Als3 (amino acids 1-315) has a peptide binding cavity (PBC), which binds the carboxyl end of a flexible C-termini peptide of up to six amino acids by establishing a salt bridge between the negative Ctermini and positive side chain amine in the PBC. 55, 56 The NTregion also has a short conserved amyloid forming region (AFR), which has been shown to mediate interactions between Als proteins and cause aggregation among C. albicans cells. 57 The adhesive properties of Als3 have been attributed to the PBCmutating the PBC results in the same reduction in adherence to human epithelial and endothelial cells as deleting the entire ALS3 gene, whereas mutating the AFR has no effect on adhesion. 56 Binding to S. gordonii by Als3 is also mediated by the PBC only. 27 The ability of the PBC to form a salt bridge with a negatively charged ligand suggests that the positively charged lysine at the end of the PBC may mediate the interaction with carboxylate nanoparticles. However, the width of an amino acid is on the scale of one nanometer, and the nanoparticles in our study range from 40-200nm, with high-density carboxylic acids functionalized directly on the surface. This makes it unlikely the nanoparticle is entering the PBC as a peptide would, and thus we do not confirm this mechanism. Consequently, though our analysis allows us to deduce that the interaction is ionic, and mediated by Als proteins, the precise mechanism of the interaction is unknown.
Presence of serum reduces nanoparticle adhesion
The presence of serum is an important factor when considering nanoparticle interactions with fungi for in vivo applications, due to the high concentration of proteins which may adsorb to the nanoparticles. 58 From DLS measurements (Table 1) , the reduction in zeta potential of the nanoparticles in the presence of serum suggests that the charge is masked by the adsorption of a protein layer on the nanoparticle. The adsorption of proteins has been shown to reduce nanoparticle adhesion and uptake. 11, 58 The presence of denatured BSA (bovine serum albumin) and BSA immobilized on particles or surfaces has also been shown to induce aggregation in C. albicans 59,60 a phenomenon which will influence nanoparticle adhesion by competing with or blocking binding sites. Additionally, given the broad binding recognition of Als proteins, Als3 and Als1 may be binding to other serum proteins in the FBS. Our experiments cannot determine whether reduction of nanoparticle adhesion is due to charge masking of nanoparticle by serum proteins, ligand binding of Als3 with serum proteins, or increased aggregation among hyphal cells.
Conclusions
In this study we present the first detailed examination of the interactions between C. albicans hyphae and carboxylate polystyrene nanoparticles. Carboxylate nanoparticles of varying diameter were shown to bind only to the hyphae and not yeast cells of C. albicans, and nanoparticles were shown to adhere to the cell wall of C. albicans. Extensive analysis of interactions with yeast cells, germ tubes and hyphae of mutant C. albicans strains deficient in key hyphal surface proteins showed that Als3 is the primary mediator, with Als1 possibly having a secondary role.
Carboxylate nanoparticles showed increase in binding with increase in concentration until the surface was saturated, a trend similar to a Langmuir model based on monolayer adsorption. Calculated dissociative binding constants (KD) were on the scale of pM and placed the interaction in the ionic strength range. The addition of serum decreased binding of nanoparticles to the surface of C. albicans. Future scientific studies could analyse the force-distance behaviour of the interaction between Als3 and carboxylate nanoparticles and determine the exact molecular mechanism of interaction.
Nanoparticles have the potential to diagnose and treat C. albicans through adhesion to the hyphal cell wall. As previously stated, magnetic nanoparticles can be used for separation. We have shown that a 200 nm negatively-charged nanoparticle has high binding affinity for C. albicans. A 200nm magnetic nanoparticle, which would have high magnetic mobility compared to a 40 or 100 nm nanoparticle, could be used for cheap and effective separation of C. albicans for PCR or microscopy from a low-serum or diluted blood sample. Additionally, diagnostics and therapeutics could benefit from targeting the Als3 protein, which has a natural affinity for nanoparticles. The functionalization of a peptide with a high affinity for Als3 to a nanoparticle with minimal protein adsorption would be ideal. The T2Candida system has already demonstrated the use of superparamagnetic particles in vitro diagnostics, when used to detect of PCR products from Candida spp. 7 Here, we show that nanoparticles have alternative potential for diagnosis and treatment of bloodstream infections through hyphal cell wall adhesion. For example, magnetic nanoparticles could allow us to image and identify the area of infection in vivo using MRI and to extract C. albicans using magnetic separation techniques from a blood sample. Other nanoparticles paired with appropriate imaging techniques could be used to classify an infection as fungal or bacterial and to deliver anti-fungals directly to the site of infection.
